Self-splicing RNAs must evolve to function in their specific exon context. The conformation of a group I pre-tRNA ile from the bacterium Azoarcus was probed by ribonuclease T 1 and hydroxyl radical cleavage, and by native gel electrophoresis. Biochemical data and three-dimensional models of the pre-tRNA showed that the tRNA is folded, and that the tRNA and intron sequences form separate tertiary domains. Models of the active site before steps 1 and 2 of the splicing reaction predict that exchange of the external G-cofactor and the 3 0 -terminal G is accomplished by a slight conformational change in P9.0 of the Azoarcus group I intron. Kinetic assays showed that the pre-tRNA folds in minutes, much more slowly than the intron alone. The dependence of the folding kinetics on Mg 2þ and the concentration of urea, and RNase T 1 experiments showed that formation of native pre-tRNA is delayed by misfolding of P3 -P9, including mispairing beween residues in P9 and the tRNA. Thus, although the intron and tRNA sequences form separate domains in the native pre-tRNA, their folding is coupled via metastable non-native basepairs. This could help prevent premature processing of the 5 0 and 3 0 ends of unspliced pre-tRNA.
Introduction
Most stable RNAs are processed from longer transcription units, and both coding and noncoding sequences contribute to processing and maturation. Among self-splicing RNAs, interactions between the intron core and the exon sequences contribute to recognition of the 5 0 and 3 0 splice sites. 1 On the other hand, long RNAs have a lower probability of folding correctly, because the opportunity for misfolding increases. 2 Interactions with flanking sequences attenuate self-cleavage of the hepatitis delta virus ribozyme, 3, 4 and selfsplicing of the Tetrahymena large subunit rRNA and phage T4 td group I introns. 5, 6 In natural RNAs, where the tendency to misfold is expected to be minimized over the course of evolution, such alternative structure might persist because they may serve a regulatory function.
To further understand the role of flanking sequences in RNA processing, we investigated the conformation and folding kinetics of a self-splicing group I intron from the pre-tRNA ile of the cyanobacterium Azoarcus. 7 Like other group I introns found in tRNA genes, the Azoarcus intron has minimal P1 and P10 base-pairing interactions that define the 5 0 and 3 0 splice sites. Because the introns are inserted in the anticodon loop, interactions between the group I intron core and the mature tRNA domain may contribute to folding and splice site recognition. In a closely related tRNA intron from the cyanobacterium Anabaena, the anticodon stem-loop of the tRNA was observed to increase self-splicing as much as 60-fold. 8 The authors proposed that the P1 duplex containing the 5 0 splice site is either stabilized directly by the anticodon stem or sequesters the P1 helix from other unfavorable base-pairing interactions. 8 Three-dimensional models of the pre-tRNA were 0022-2836/$ -see front matter q 2004 Elsevier Ltd. All rights reserved.
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constructed that suggest a conformational change in P9.0 between the first and second steps of the splicing reaction. Beyond the anticodon stem, the tRNA makes little contact with the intron domain. To understand how the tRNA exons might influence the stability and folding kinetics of the pre-tRNA, the formation of secondary and tertiary structure in the Azoarcus pre-tRNA was monitored as a function of magnesium concentration. We have found that the Azoarcus L-9 ribozyme folds in 50 -100 ms in a concerted fashion. 9 Here, we find that correct folding of the pre-tRNA is delayed by non-native base-pairs between the tRNA and the intron. Thus, the exons contribute to splice site recognition, but increase the probability of misfolding in vitro.
Results
Modular structure of the pre-tRNA
To determine how the tRNA exons interact with the intron, the conformation of the Azoarcus pretRNA was probed by partial digestion with ribonuclease (RNase) T 1 and hydroxyl radical.
Reactions were carried out in the absence of GTP, to prevent self-splicing. Above 1 mM MgCl 2 , the RNase T 1 protection pattern ( Figure 1 ) was consistent with the phylogenetically predicted secondary structures of the intron and the canonical "cloverleaf" structure of the tRNA, respectively. 10, 11 In the presence of Mg 2þ , G9 and G11 are protected, while cleavage at G6 is enhanced, consistent with formation of the P1 splice site helix. Digestion of core intron residues was the same as in the L-9 ribozyme, except that G40 and G41 in P3 were partially accessible to RNase T 1 in the pre-tRNA, but fully protected in the L-9 ribozyme. 12 This may reflect residual misfolding of the pre-tRNA (see below).
Fe-EDTA and RNase T 1 protection assays showed that the pre-tRNA adopts independent folds for the tRNA and intron domains. Although the extent of protection in the 5 0 end of the tRNA (up to the anticodon loop) varied somewhat between experiments, protections of the variable region and T-loop are typical of a folded tRNA. 13 In 15 mM MgCl 2 , the protected regions within the intron were identical with those observed for the L-9 ribozyme, 12 except that nucleotides 57-60 in J4/5 and 8-12 were protected in the pre-tRNA. Blue, C m ¼ 0:4 -0:7 mM, n H < 1; green, C m < 1:5 mM; n H < 3; yellow, C m ¼ 1:9 -2:4: See Table 1 for details. The degree of protection at the 5 0 end of the pre-tRNA was variable; these results are not reported. Intron residues are numbered according to Tanner & Cech; 18 tRNA residues are numbered according to Steinberg et al. 44 These protections are consistent with known tertiary contacts between the catalytic core and the docked P1 helix. 14 -16 As the folded structures of the intron and tRNA account for all the solventinaccessible regions detected by us, extensive tertiary interactions between these two domains of the pre-tRNA are unlikely.
It has been suggested that docking of P1 is stabilized by the tRNA anticodon stem. 8 To gain insight into the structural interface between the intron and anticodon stem, we modelled the pre-tRNA in the states preceding the two steps of self-splicing ( Figure 2 ). In step 1, the external G-cofactor (exoG) attacks the 5 0 splice site. 17 Cleavage occurs 3 0 of U36 (third base of the anticodon of the tRNA), which forms the conserved UoG pair at the 5 0 splice site in P1. After step 1, exoG is ligated to the 5 0 end of the intron and the 5 0 exon is held in place by the three basepairs between the intron guide sequence and residues of the anticodon loop. The P1 loop is unwound, allowing A37 from the 3 0 exon to replace A1 in base-pairing with U8. Before step 2, the 3 0 -terminal G of the intron (G205 or VG) moves into the G-binding pocket. Finally, the 3 0 hydroxyl group of U36 attacks the 3 0 splice site phosphodiester bond (G205/A37) and ligates the two exons. We built a model in which G205 (VG) in step 2 replaces the G-cofactor in step 1, a process promoted by the fold of the P9.0 -J7/9.0 region ( Figure 2 ). In step 1, the N2 group of G204 interacts with the Hoogsteen edge of G179, and G205 forms a sheared pair with A178. This conformation allows for the docking of exoG onto the second base-pair of P7 (C176vG129), above the bulged residue A128. Then, upon hydrolysis and subsequent unwinding of the cleaved part of P1, the covalently attached exoG is released from the G-binding site, while VG205 binds to the conserved G-binding site (C176vG129) and A178 in J7/9.0 is extruded from the helix, allowing the 204/179 pair to stack on the first base-pair of P7 ( Figure 2 ). This conformation allows the WC edge of VG205 to interact with base-pair C176vG129 in the deep groove of P7. This model allows exchange of exoG and VG without disrupting interactions between the P1 splice site helix and the intron core.
Hierarchical assembly of the pre-tRNA
We previously concluded that the Azoarcus L-9 Figure 2 . Three-dimensional models of the pre-tRNA. Models of the pre-tRNA conformation before step 1 ((a) and (c)) and step 2 ((b) and (d)) of self-splicing were constructed from comparative sequence analysis as described in the text. (c) and (d) Details of the active site, viewed from the same orientation as (a) and (b). Bases represented as balls-and-sticks in (c) correspond to exoG (white) and bases from P1 (green). U t36 , which forms the UoG pair at the catalytic site, is red. The base-pair G129vC176, which binds exoG during the first step of splicing, is depicted in purple. The vG is in orange and lies at the end of P9. (d) vG has moved to the G-binding site during step 2, replacing exoG. The color code is the same as in (c), except that the scissile phosphate group (A206) is represented in orange.
Azoarcus Group I Pre-tRNA Folding Mechanism ribozyme folds in a hierarchical manner, in so far as helices in the catalytic core assemble at tenfold lower concentrations of Mg 2þ than are required to stabilize the tertiary structure. 9 At first glance, the pre-tRNA appeared to follow a similar pathway, judging from changes in the extent of RNase T 1 and hydroxyl radical protection with increasing concentration of MgCl 2 . Much of the pre-tRNA secondary structure is formed in 10 mM Tris -HCl (pH 7.5) or Tris -HCl plus 20 mM MgCl 2 (blue arrowheads in Figure 1 ). By contrast, residues in P3, P6, P7 and P8 that form the core of the intron were protected from RNase T 1 cleavage only in higher concentrations of Mg 2þ (red arrowheads in Figure 1 ). For these residues, the midpoints ðC m Þ for individual transitions were between 0.1 mM and 0.7 mM MgCl 2 ( Figure 3A and Table 1 Table 1 ).
Unlike the L-9 ribozyme, in which tertiary folding is cooperative, the sensitivity of individual tertiary contacts in the pre-tRNA to the concentration of Mg 2þ varied (Table 1) . Hydroxyl radical footprinting experiments showed that tertiary interactions within the tRNA and P3, P8 and P9 displayed the lowest midpoints (0.4 -0.7 mM) and least cooperativity (Hill coefficient n H < 1) with respect to the concentration of Mg 2þ (blue shading; Figure 1 ). Contacts in P4 -P6, the triple helix and J8/7 were more cooperative (n H < 3; green; Figure 1 ). Docking of P1 and P2, which protects residues in P1, P2 and J4/5 from hydroxyl radical, required the highest concentrations of Mg 2þ ðC m ¼ 2:4 mMÞ and were moderately cooperative (yellow; Figure 1 ). The variability in the Mg 2þ -dependence of individual tertiary contacts and the partial overlap in the range of concentrations of Mg 2þ needed for helix assembly and tertiary structure suggested the presence of metastable intermediates in the equilibrium (and kinetic) folding pathway of the pre-tRNA.
Pre-tRNA folding intermediates
To determine whether the pre-tRNA forms metastable intermediates, native and non-native forms of the pre-tRNA were resolved by native gel electrophoresis. 18 Because the Azoarcus L-9 ribozyme folds rapidly ðt ¼ 50 msÞ, 40% of the ribozyme RNA reaches the native state (N) during the brief time that the sample encounters Mg 2þ in the gel running buffer. 9 The native RNA appears as a sharp band in the gel, and further refolding is largely arrested after the RNA enters the gel matrix. By contrast, only 10% of the pre-tRNA folded correctly in the deadtime of the native gel assay ( Figure 3B ), when the RNA was not pre-incubated in buffer containing Mg 2þ . The remainder of the RNA was trapped in misfolded intermediates (I), which appeared as a cluster of bands with slower gel mobility ( Figure 3B ).
The fraction of native pre-tRNA in the gel increased if samples were annealed in Mg 2þ before electrophoresis ( Figure 3B ). The midpoint of the folding transition assayed by native PAGE was 0.12(^0.01) mM, similar to the Mg 2þ concentration range over which individual G bases became protected from RNase T 1 ( Figure 3A) . Therefore, formation of native helices within the core of the intron increased the fraction of pre-tRNA able to rapidly form the native tertiary structure. However, the Hill coefficients for saturation of RNase T 1 protection at individual G bases varied from 1.2 to 3.4, compared to 3.2 from native PAGE. This variability in the folding of different residues, plus the presence of slowly migrating species on the native gel in low concentrations of Mg 2þ or at short times, indicate that the pre-tRNA adopts alternative conformations that compete with the native state. Figure 4A ). Thus, the average folding time of the pre-tRNA is much longer than that of the ribozyme, 9 consistent with the presence of metastable intermediates.
The observed folding rate of the Azoarcus pretRNA increased significantly as the concentration of Mg 2þ was raised from 0 to 1 mM, and continued to increase more slowly over the range of 1 -15 mM Mg 2þ ( Figure 4B ). These results were not consistent with a two-state transition. Instead, the results indicated a kinetic intermediate that is stabilized by Mg 2þ . Population of this intermediate at higher concentrations of Mg 2þ accelerates the formation of native pre-tRNA. Candidates for such an ensemble of intermediates were structures in which the helices in the core of the intron are assembled, because RNase T 1 assays ( Figure 1 and Table 1 ) reported the formation of base-pairs in the intron core over the same range of Mg 2þ concentrations (0 -1 mM MgCl 2 ,) in which the folding rate increased.
In the Tetrahymena ribozyme, misfolding of the core is stabilized by native and non-native tertiary interactions in the P4 -P6 domain and peripheral helices that must reorganize to reach the native state of the core. 19 -21 Consequently, the folding rate decreases with increasing concentration of Mg 2þ , because the folding intermediates are more stable and less likely to unfold. 22, 23 For the pretRNA, however, k obs continued to increase with increasing concentration of Mg 2þ
, even beyond saturation of the folding equilibrium at 3 mM MgCl 2 ( Figure 4B ). This suggests that reorganization of tertiary contacts is not rate determining.
Mispairing of intron and tRNA
To gain insight into whether folding of the pretRNA requires the unfolding of non-native intermediates, folding reactions were done in the presence of 0 -4 M urea ( Figure 5 ). The folding rates of some proteins and RNA are enhanced by the addition of sub-denaturing concentrations of urea, because misfolded intermediates are destabilized relative to the native structure. 24 -26 Consistent with this expectation, the observed pretRNA folding rate increased fourfold in 4 M urea, from 0.25 min 21 to 1.1 min
21
. The amplitude of the folding reaction changed very little over this range, as 4 M urea is slightly below the midpoint of the equilibrium denaturation. Because there was little change in the apparent stability of the native state under these conditions, the faster folding kinetics is most likely due to the destabilization of misfolded intermediates. Together with the Mg 2þ -dependence of the kinetics, these results suggest that formation of native pre-tRNA is limited primarily by the rearrangement of secondary structure elements, rather than reorganization of tertiary interactions as in the Tetrahymena ribozyme.
Since the results above suggested a slow rearrangement in the secondary structure, RNase T 1 reactions were carried out at different times during folding at 32 8C as described in Materials a Range of residues on which quantification is based; this range may be narrower than the protected region shown in Figure 1 . b Relative extent of RNase T 1 cleavage (see Materials and Methods). Data were fit to the Hill equation; C m is the midpoint of the transition; n H is the Hill coefficient. Errors are from the precision of the fit. The variation between two trials was 10-15%.
c Relative extent of hydroxyl radical-dependent cleavage.
and Methods. In 15 mM MgCl 2 , most G bases were protected from RNase T 1 within the shortest time of the assay (1.5 minutes; Figure 6B ). However, G bases in P3, P7, P9.0 and in the tRNA were protected more slowly (0.05 -0.15 min
; Table 2 ), at a rate roughly similar to the global folding rate measured by native gel electrophoresis at this temperature (k obs ¼ 0:17 min 21 ; 32 8C). Residues in P8 (G150-151) achieved 60% of maximal protection in the first minute. This was followed by a slower base-pairing transition (0.05 min 21 ). Delayed formation of helices P9.0 and P7 and the resulting sensitivity of these residues to RNase T 1 can be explained by interactions between nucleotides 175 -184 in the intron and a complementary sequence between nucleotides 58-67 in the tRNA ( Figure 6C ). This non-native helix would disrupt the native secondary structure of the tRNA as well as P9.0 and P7, and could explain why the pretRNA is more prone to becoming trapped in misfolded states than the L-9 ribozyme. By contrast, a shorter precursor that includes only the anticodon stem of the tRNA folds and self-splices very rapidly (P.R., unpublished results). We noted that a GGUG sequence in P3 could exchange places with an identical sequence in P8, destabilizing P3. Mispairing of these helices is expected to impede the formation of tertiary contacts. Accordingly, residues in P3 -P9 and the tRNA that were slowly protected from RNase T 1 folded less cooperatively, as judged by hydroxyl radical footprinting (Table 1 ). Figure 4 . The extent of folding after 15 minutes (W) was fit to the linear extrapolation model (equation (2) 
Discussion
Modelling of the architecture
The nature of conformational changes between the first and second steps of splicing by group I introns is a long-standing problem. Because G nucleotides are positioned within the active site by a single binding site in P7, 27 the G cofactor (exoG) must be exchanged for the 3 0 -terminal G (VG) between steps 1 and 2. 28 In tRNA introns, pairing of the 5 0 and 3 0 exons in the folded tRNA leads to additional constraints. In most introns, the discrimination of the 3 0 splice site involves the P9.0 and P10 pairings, which bring, respectively, the VG at the G-binding site and the 5 0 and 3 0 exons in register. In some introns (belonging to IB4, IA1, and IA2 subgroups), an additional residue between the 3 0 end of P7 and the 5 0 end of P9.0 forms the P9.0a pair with the N residue of a conserved AANA sequence upstream of the 3 0 end of P9.0. 14, 29, 30 The latter introns have a large P9 domain. In the Azoarcus intron, that conserved sequence is absent and it is suggested that the additional A between P7 0 and P9.0 forms a GoA pair with the terminal G in the first step. After cleavage, the resulting accomodation promotes bulging out of the A and insertion of the VG in the G-binding site. The models presented here give a picture of the catalytic site just before steps 1 and 2 of selfsplicing and suggest how G exchange might be achieved.
Experiments on the Tetrahymena intron showed that the 5 0 exon-intron complex is long-lived, and that its stability depends on esterification of VG. 31, 32 These data and direct measurements of substrate association 33 implied that P1 remains docked with J4/5 during the catalytic steps of splicing, even while undergoing molecular motions like the unwinding of the 5 0 end of the intron. Since the docking of P1 and J4/5 is maintained, we conclude that the main conformational changes between steps 1 and 2 are more likely to be centered around P9.0. The structure proposed for J9/9.0 and J7/9.0 in the Azoarcus pre-tRNA is the simplest one that accomodates all known interations. A confomational change in J7/9.0 allows G205 to slide down and replace exoG in the active site, without disrupting P1 docking interactions.
Folding pathway of the pre-tRNA
As for the L-9 ribozyme RNA, nuclease and Parameters from fits as described in Materials and Methods; f N (0) is the fraction protected in the first minute relative to no MgCl 2 control sample; k obs is the observed rate constant for the slow kinetic phase. Errors are 10-20%.
a None observed.
hydroxyl radical footprinting show that the equilibrium folding pathway of the pre-tRNA is hierarchical, in that helices in the intron core form before native tertiary contacts. Although many elements of the secondary structure are stable in low-salt buffer (U), assembly of helices in the core of the intron (I C ) requires moderate amounts of Mg 2þ (, 0.1 mM). The transition from U to I C is accompanied by a large contraction of the RNA chain as monitored by small-angle neutronscattering (Perez-Salas et al.
34
). At higher concentrations of Mg 2þ (, 2 mM), tertiary interactions stabilize a solvent-inaccessible core and docking of the P1 splice site helix (N).
As summarized in Figure 7 , only a small fraction of the pre-tRNA (, 10%) forms the native structure within the deadtime of the native gel assay. From our previous work on the Azoarcus ribozyme, 9 we expect that direct transitions from U to I C to N occur in 50 -100 ms. This is supported by X-raydependent hydroxyl radical footprinting experiments, which revealed partially saturated native tertiary interactions throughout the pretRNA within this time-frame (P.R. & S.W., unpublished results).
In comparison with the ribozyme, the Azoarcus pre-tRNA has a greater tendency to form nonnative base-pairs, resulting in metastable intermediates that are observed by native gel electrophoresis ( Figure 7 ). The increase in the folding rate of the pre-tRNA between 0.1 mM and 1 mM Mg 2þ correlates with the assembly of helices in the intron core, as detected by RNase T 1 protection. Since the native gels monitor the fraction of intermediates that can form N rapidly, the net folding rate increases as the ensemble of I states becomes more like the native state. Urea accelerates folding presumably by destabilizing intermediates that are incorrectly base-paired. It is not known whether the intermediates must unfold completely in order to reach N, or whether basepairing rearrangements occur in the context of a compact state.
If pre-tRNA misfolding involves improper basepairing between the P9 region and downstream nucleotides in the 3 0 half of the tRNA, then sequential folding should yield more native pre-tRNA, because the correct P9 base-pairs will have a chance to form before the 3 0 exon is transcribed. In preliminary experiments, co-transcriptional folding reactions at 37 8C yielded a burst of 40% native pre-tRNA, compared with 5-10% in refolding reactions (data not shown). Proteins may stimulate folding of the pre-tRNA. Thus, a greater fraction of pre-tRNA ile is expected to fold correctly in vivo than in vitro.
A consequence of non-native interactions between the tRNA exons and the intron core is that neither the tRNA nor the intron can fold correctly until this mispairing is resolved. Because the Azoarcus intron and many tRNAs fold rapidly on their own, we imagine that native tertiary structure will follow quickly once the correct base-pairs are in place. Thus, folding of the intron and tRNA is effectively coupled via reorganization of the secondary structure. Although this interaction between P9 and the T-stem is not conserved among group I introns in bacterial tRNAs, it is interesting to speculate whether such interactions serve a biological function by coordinating folding of the intron and exons. For example, this could help prevent 5 0 and 3 0 processing of pre-tRNAs that are not competent to self-splice.
Materials and Methods

RNA preparation
In vitro transcription of the 284 nt pre-tRNA ile from pAZ-PREt was carried out as described. 9, 35 The pre-tRNA contains the sequences of the mature tRNA domain ending in CCA (79 nt) plus the 205 nt intron.
RNase T 1 cleavage
Equilibrium footprinting reactions were carried out essentially as described, 9 except that the RNA was annealed for 15 minutes before the addition of RNase T 1 . The counts in each band as a function of Mg 2þ concentration were fit to the Hill equation. For time-dependent studies, the 32 P-labelled RNA was incubated at 32 8C and folding was initiated with addition of MgCl 2 (15 mM final concentration). Aliquots (10 ml; 150,000 cpm) were removed at various times and treated with 0.1 unit of RNase T 1 for one minute at 32 8C. Digestion was stopped with 1 mM aurin tricarboxylic acid (Sigma) and an equal volume of buffered formamide. The reactions were loaded onto a sequencing 6% (w/v) polyacrylamide gel. Dried gels were exposed to Phosphorimager screens and quantified using ImageQuant software (Molecular Dynamics). The counts in each band were normalized to their intensity in unfolded Figure 7 . Summary of folding mechanism. About 80 -90% of the pre-tRNA collapses to misfolded intermediates (I), which may involve mispairing between tRNA and intron residues. Rearrangement of secondary structure elements increases the time needed to form native tertiary structure in the tRNA and the intron domains. Direct transitions through I C are estimated to require 100 ms (see the text). 
Hydroxyl radical footprinting
Fe(II)-EDTA cleavage reactions were carried out essentially as described, 9 except that the 32 P-labelled RNA was incubated for 15 minutes at 50 8C before addition of Fe(II)-EDTA.
Native gel folding assay
To measure the magnesium-dependence of folding, uniformly labelled [ 32 P]RNA was incubated in 25 mM Na-Hepes (pH 7.0), 10% glycerol, 0.1% xylene cyanol, and 0 -15 mM MgCl 2 for 30 minutes at 50 8C, then loaded onto a 10% polyacrylamide gel containing 3 mM MgCl 2 . 18 For urea denaturation, RNA was incubated in buffer plus 15 mM MgCl 2 and 0 -8 M urea for 15 minutes at 50 8C. Samples were electrophoresed at 15 W for three to four hours at 2 -8 8C. The fraction of native RNA, f N , was determined from the ratio of counts in band N ( Figure 1 ) to total counts in the lane. The fraction of native RNA as a function of Mg 2þ concentration was normalized to the extent of folding at saturation and fit to the Hill equation. The maximum extent of folding at 50 8C was typically 85%, presumably reflecting a small population that remained trapped in misfolded conformations.
Folding kinetics
Uniformly labelled pre-tRNA was pre-incubated for two minutes at 50 8C in 25 mM Na-Hepes (pH 7.0), 10% glycerol, 0.1% xylene cyanol. Folding was initiated by addition of 0.1 -20 mM MgCl 2 . Aliquots (2 ml) were removed at various times and immediately loaded onto a 10% polyacrylamide gel as described above. Where indicated, RNA was incubated in 0 -4 M urea, then folding reactions were begun with the addition of 15 mM MgCl 2 . Progress curves were fit to a first-order rate equation as above.
The simplest mechanism that described the folding kinetics (after the initial burst of 0 -10% N) was a threestate model UIN, in which transitions between the unfolded (U) and intermediate (I) ensembles were assumed to be faster than the transitions from I to N. The Mg 2þ dependence of folding was fit to equation (1) , where C is Mg 2þ concentration, C m,1 and C m,2 are the midpoints of the U to I and I to N transitions, respectively, n is the Hill constant, and k 2 and k 22 are the forward and reverse rate constants for the I to N transition:
A binding model was used to approximate coupling between Mg 2þ binding and RNA folding transitions. 36, 37 Only the U to I transition was assumed to be cooperative with respect to Mg 2þ . Because the ions are responding to changes in the electrostatic field of the RNA rather than mass action, 38 the Hill constant reflects the relative stabilization of U, I and N by Mg 2þ , rather than the precise number of excess magnesium ions associated with the folded RNA.
The urea dependence of the kinetics was fit to the linear extrapolation model: 39 where ½D is the concentration of urea, and the first two terms represent the urea-dependence of the native (N) and unfolded (U) states, respectively. The Mg 2þ -dependence of the folding kinetics below 4 M urea were fit to:
where k f is the observed rate of the forward reaction, k f (0) is the rate in 0 M urea, and m f reflects the dependence of the transition state free energy on urea.
Molecular modelling
The crystal structure of tRNA Asp 40 was interactively added onto the 3D model of Azoarcus group I intron 9 using the package of programs Manip. 41 Models were subjected to restrained geometrical least-squares refinement using the program Nuclin/Nuclsq 40, 42 in order to ensure geometry and stereochemistry with correct distances between interacting atoms and to avoid steric clashes. Interactive modelling followed by refinement steps were performed iteratively until solution data reported in this work could be explained satisfactorily. The color views were generated with the program Drawna. 43 The accessibilities of the C4 0 atoms to the hydroxyl radicals were computed using the program Naccess. †
